The Lake Champlain basin is a critical ecological and socioeconomic resource of the northeastern United States and southern Quebec, Canada. While general circulation models (GCMs) provide an overview of climate change in the region, they lack the spatial and temporal resolution necessary to fully anticipate the effects of rising global temperatures associated with increasing greenhouse gas concentrations. Observed trends in precipitation and temperature were assessed across the Lake Champlain basin to bridge the gap between global climate change and local impacts. Future shifts in precipitation and temperature were evaluated as well as derived indices, including maple syrup production, days above 32.28C (908F), and snowfall, relevant to managing the natural and human environments in the region. Four statistically downscaled, biascorrected GCM simulations were evaluated from the Coupled Model Intercomparison Project phase 5 (CMIP5) forced by two representative concentration pathways (RCPs) to sample the uncertainty in future climate simulations. Precipitation is projected to increase by between 9.1 and 12.8 mm yr 21 decade 21 during the twenty-first century while daily temperatures are projected to increase between 0.438 and 0.498C decade
Introduction
The Lake Champlain basin is a 21 326-km 2 watershed on the U.S.-Canada border that spans Vermont, New York, and Quebec. Economic activities associated with the watershed, including tourism, agriculture, and recreational use, are extremely important to the region, and sensitive to climate change. The region has recently been impacted by extreme weather events including significant flooding in 2011 from both heavy spring rainfall and Tropical Storm Irene in late summer. These precipitation events resulted in extensive damage to public infrastructure and private property and highlight the potential impacts of climate change (Pealer 2012) .
Adaptation planning can be enhanced by reliable climate projections at local governance scales.
Regional changes in temperature and precipitation have already been observed in the region. Keim et al. (2005) found positive trends in precipitation across the northeastern (NE) United States but did note that trends differ across subsets of this region. Groisman et al. (2005) found spatially divergent precipitation trends within the Lake Champlain basin, a subregion of the NE United States, with linear trends between 1900 and 2002 of approximately 110% in the northern section but 210% in the southern part of the watershed. The magnitude of historical precipitation change in the Lake Champlain basin increased by 8%-38% at low and high elevations, respectively, over the 40-yr period from 1963 to 2003 (Beckage et al. 2008) .
Several studies have examined climate change projections across the northeastern United States at broad regional scales. Hayhoe et al. (2007) used nine general circulation models (GCMs) and two emissions scenarios from the Intergovernmental Panel on Climate Change Special Report on Emissions Scenarios (SRES) to project 4.58 and 2.98C mean annual temperature increases under the A2 and B1 emissions scenarios, respectively, by the end of the century in the NE United States. Ahmed et al. (2012) used six GCMs and four regional climate models (RCMs) that were statistically downscaled and bias corrected to project that the annual number of frost days would be reduced by 25 days and the growing-season length would increase by 20 days by midcentury in the NE United States. This study found that maximum 5-day precipitation increased in some areas of the Lake Champlain basin while decreasing in others. Rawlins et al. (2012) used nine RCM simulations forced with the SRES A2 emissions scenario from the North American Regional Climate Change Assessment Program (NARCCAP) to compare historical and mid-to late-century (2041-70) NE U.S. temperature and precipitation. The average annual increases in temperature and precipitation across this time period were 2.68C and 6%, respectively.
Regional climate change impacts are potentially highly consequential for a number of industries, including maple syrup production, dairy farming, and winter recreation (e.g., skiing and snowmobiling; Horton et al. 2014) . Moreover, state-and local-level policy makers increasingly consider climate data for future planning (Horton et al. 2014) . For example, water resources, transportation infrastructure, and public health adaptations may rely heavily on predictions of expected future climate. This study derives projected climate metrics, detailed below, that can be used to inform decisions related to agriculture, tourism, and human health.
Methods
The range of projected climate change for the Lake Champlain basin in Vermont was examined using statistically downscaled GCM projections. Four GCMs and two emission scenarios were utilized from the recent Coupled Model Intercomparison Project phase 5 (CMIP5) model runs. Simulated future changes in climate were assessed with respect to historical precipitation and temperature from National Climatic Data Center (NCDC; Menne et al. 2012) stations. Projected changes in stakeholderrelevant climate metrics were derived. Metrics related to agriculture and dairy include a heat index, an aridity index, and growing-season length. Human-health-related metrics include heating/cooling requirements, heat index, and days above 32.28C (908F). Days suitable for maple syrup production, freezing days, and snowfall metrics were developed in relation to the maple syrup and ski industries.
a. Study region
The Lake Champlain basin is primarily composed of forested and agricultural land. A network of rivers and streams is distributed throughout the region, and the north-south-oriented Green Mountains form the major topographic feature of the study region. Elevations in the Lake Champlain basin range from 30 m above mean sea level (MSL) on Lake Champlain to 1340 MSL at the top of Mount Mansfield, the highest point in Vermont, over a distance of less than 50 km (Fig. 1) .
b. Climate data
Historical meteorological station data from throughout the study region were acquired from the Global Historical Climatology Network (GHCN; Menne et al. 2012 ). This dataset is at a daily resolution and consists of three variables: precipitation, maximum temperature, and minimum temperature. The full records for 132 stations were downloaded. The periods of record were 1875-present and 1884-present for precipitation and temperature, respectively.
Data for future projections of temperature and precipitation were from four realizations of a CMIP5 multimodel ensemble, which was downscaled using a method of bias correction with constructed analogs (BCCA; Brekke et al. 2013) . BCCA was chosen for its high spatial ( 1 /88) and temporal (daily) resolution. BCCA methods leverage observed climate data to both bias correct and statistically downscale GCM data. A full description of the BCCA methodology can be found in Hidalgo et al. (2008) , Maurer and Hidalgo (2008) , and Maurer et al. (2010) . Relative to Coupled Model Intercomparison Project phase 3 (CMIP3), CMIP5 models generally have higher spatial resolution and contain a number of AUGUST 2014
improvements that have led to better simulations of some climate features (Knutti and Sedlá cek 2012; Stroeve et al. 2012 ). CMIP5 models are driven by representative concentration pathways (RCPs; Moss et al. 2010) , which are a set of greenhouse gas emission, aerosol, and land-use changes scenarios developed as an input for climate modeling experiments. CMIP5 simulations use four RCPs distinguished by their radiative forcing at the end of the century. The radiative forcing in these scenarios ranges from 2.6 to 8.5 W m 22 , where larger numbers represent higher emissions scenarios. Additional details on the construction of RCPs can be found in Moss et al. (2010) . In this study, RCPs 4.5 and 8.5 were used to capture moderate and high climate change scenarios for purposes of adaptive planning. Daily minimum temperature, daily maximum temperature, and daily precipitation were analyzed across three time periods : 1961-2000, 2040-69, and 2070-99 . All three time periods were assessed using four GCMs, each forced by two RCPs. GCMs were selected to capture the range of potential future temperature and precipitation based on a preliminary analysis of the entire BCCA ensemble of simulations under RCP 8.5 for the 2070-99 period. Future climate simulations (2070-99) were ranked from wettest to driest and warmest to coolest, with the top and bottom 10% of the ranked GCMs considered for selection. Priority among GCMs ranking in the top and bottom 10% of the temperature and precipitation simulations was given to well-established models that were available for both CMIP3 and CMIP5, maximizing opportunities for comparison of results to existing andfuture studies. After this process, four GCMs were selected: 1) the Commonwealth Scientific and Industrial Research Organisation c. Climate data analysis
1) HISTORICAL TRENDS
For each GHCN station, all missing values were removed, and minimum and maximum daily temperatures were averaged to calculate a daily mean temperature. Daily temperature and precipitation data were averaged across all available stations for each day by a simple arithmetic mean. Annual means and quantiles for temperature and precipitation were calculated from the distribution of average daily values for a given year. Only the years in which data from 15 or more stations were available were used. These periods were 1941-2012 for precipitation and 1958-2012 for temperature.
2) DELTAS AND CLIMATE PROJECTIONS
Daily climate data were averaged to produce a seasonal cycle (i.e., composed of mean monthly values) for every grid cell within the study region. This was repeated for each BCCA scenario using the same four GCMs and two RCPs for both temperature and precipitation across all three time periods. Temperature change factors, or ''deltas,'' were calculated for each grid cell by subtracting the seasonal cycle in the historical period from the respective seasonal cycles in each of the two future periods. Each value represents the projected temperature change in degrees Celsius for a particular cell and month for a given future period. Projections of changes in precipitation were calculated in a similar manner except that ratios of change (''delta factors'') were 
used. Temperature deltas were added to the observed daily dataset (Maurer et al. 2010) for the study region for every cell to provide a future temperature projection in each grid cell. The delta factors for precipitation were multiplied by the observed daily precipitation data for every cell to provide a projection for future precipitation. The delta method was applied to examine projected changes in mean temperature and precipitation, as well as extremes in temperature (5th and 95th quantiles) and precipitation (95th and 99th quantiles), to explore changes in extremes.
3) RATIO OF PRECIPITATION TO POTENTIAL EVAPOTRANSPIRATION
To gauge potential future impacts on vegetation and agriculture, the ratio of precipitation to potential evapotranspiration (rPPET) was calculated. Potential evapotranspiration (PET) was calculated using Thornthwaite's (1948) Eq. (1), which depends upon average daily and monthly temperatures T a and T ai , average day length by month L, and number of days per month N:
where a 5 (6:75 3 10 27 )I 3 2 (7:71 3 10 25 )I which the average temperature was below 08C. These data were used to calculate the mean number of freezing days per month and year for each time period. This method was also used to calculate the number of days where the maximum daily temperature was above 32.28C (908F) per month. This was calculated for the grid cell within the region that contained Burlington, Vermont, to assess the heat wave impacts of climate change on a population center.
A metric for snowfall was calculated for four grid cells, which were determined to contain six of the region's largest ski resorts. This calculation was based on days with an average temperature below freezing combined with projections of daily precipitation. If a particular day was below freezing, a table from the NCDC (2013) was used to determine the ratio of snowfall to total precipitation. This table contains values ranging from 10 to 100, depending on the temperature. This ratio was then multiplied by the spatially averaged precipitation across the four selected cells for the respective day to convert precipitation to snowfall. The values calculated through this method were averaged over each 30-yr period to determine the monthly projected snowfall. Monthly projected snowfall was summed from October through April to determine the projected cumulative seasonal snowfall.
The length of the growing season was determined by finding the maximum time between two days whose minimum temperatures were below 08C for each of the years within each 30-yr period.
Days in which sugar maple trees are likely to exude sap suitable for maple syrup production were determined based on daily minimum and maximum temperatures. Days with a minimum temperature below 21.18C (308F) and maximum temperature above 2.28C (368F) were considered suitable for maple syrup production (Skinner et al. 2010 ). The number of suitable days was calculated for every month for the 30-yr period.
5) HEATING AND COOLING REQUIREMENTS AND HEAT INDEX
Heating and cooling requirements were determined based on daily average temperatures across the region. Days with temperatures below 208C (688F) were deemed to require heating and days with temperatures above 25.68C (788F) were deemed to require cooling based on a human comfort index (Burroughs and Hansen 2004) . To quantify the amount of heating and cooling required, the numbers of degrees per day above or below the cooling and heating limits were summed monthly and annually to create heating and cooling requirements in degree days (DDs). 
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A heat index was calculated in DDs. The heat index calculations utilized the same formula as National Oceanic and Atmospheric Administration (NOAA), which uses temperature and relative humidity. The heat index, as per NOAA, is calculated for days whose maximum daily temperature is greater than 26.78C (808F). Daily dewpoint temperatures were calculated using an empirical model, which requires average minimum and maximum daily temperature (Kimball et al. 1997) . Relative humidity was calculated from the resulting dewpoint temperature and average daily temperature (Lawrence 2005) .
d. Bayesian statistics
Bayesian credible intervals were computed for the delta factors of temperature, precipitation, temperature quantiles, precipitation quantiles, and derived metrics for future periods (Lavine 2009 ). Thirty monthly replicates exist for each of the eight RCP-by-GCM combinations as well as the 30 observations for each month during the base period. It was assumed that these replicates for both the future and historic periods were normally distributed with different but unknown means and variances. The posterior distributions of the difference (e.g., for temperature) or ratio (e.g., for precipitation) of these population means were estimated and reported at the 95% credible interval on these metrics. Credible intervals were calculated using the ''Just Another Gibbs Sampler'' program (Plummer 2003) , which generates samples from the posterior distribution using Markov chain Monte Carlo simulation.
Results

a. Observed trends
Averaged GHCN daily data across the region indicated an increase in temperature between 1958 and 2012 and an increase in precipitation between 1941 and 2012 (Fig. 2) To support the trends found for the region, Burlington, one of the longest and most reliable standing records of weather in the region, was used. Burlington's weather station supported the regional findings, showing positive trends in both temperature and precipitation (Fig. 2) .
b. Climate projections
Temperature and precipitation projections are qualitatively consistent with the increases seen in the historical station data. Annual average temperature is projected to increase by 3.18C by midcentury and 4.68C by late in the twenty-first century, which is consistent with Hayhoe et al.'s (2007) estimate of between 12.18 and 12.98C for midcentury and between 12.98 and 15.38C for late in the century. Similarly, all monthly estimates of temperature change were significantly different from zero using a 95% Bayesian credible interval (Fig. 3) . The 0.05 quantile of daily temperature is projected to increase 3.58C by midcentury and 5.38C by late in the century, while the 0.95th quantile of daily temperature is projected to increase 2.88C by midcentury and 4.08C by late century ( Fig. 3; Table 1 ).
Average daily precipitation is projected to increase by 7.1% by midcentury, and 9.9% by late century (Fig. 4) , which is in agreement with Hayhoe et al. (2007) , who estimated an increase of between 5% and 8% by midcentury and between 7% and 14% by late century. Eight of the 12 calendar-month precipitation delta factors are significantly different from 1.0 (no predicted change) for both midcentury and late century. The 0.95 quantile of daily precipitation is projected to increase by 8.9% by midcentury and 12.5% by late century, while the 0.99 quantile of daily precipitation is projected to increase by 11.9% by midcentury and 16.7% by late century (Fig. 4; Table 1 ).
The numbers of below freezing days annually are projected to decrease 29% and 39% by mid-and late century, respectively, from an average of 116.5 days during the base period (Fig. 5) . All months in the two future periods show decreases in snowfall in comparison with the base period (Fig. 6) . Cumulative annual snowfall projections near major Vermont ski resorts show decreases from the base period average of 676 cm. Mid-and 
late-century projections estimate cumulative snowfall to decrease by 36% and 50%, respectively (Table 2 ). In the base period, 5.5 days yr 21 were warmer than 32.28C (908F) in the cell containing Burlington. This is projected to increase by 310% (118.6 days) by midcentury and 530% (131.9 days) by late century (Fig. 7) . The heat index calculated for the base period was 130 DD. This value is projected to increase to 475 DD (1265%) by midcentury and to 754 DD (1480%) by late in the century (Fig. 8) . The length of the growing season during the base period was 140.5 days, which is projected to increase 20% by midcentury and 31% by late century (Fig. 9) . Days suitable for maple syrup production are projected to decrease and shift in annual cycle. The two peaks found in the base period in autumn and spring both decrease while shifting toward midwinter. Annually the number of suitable days decreases from the base period with 60.3 days to 53 and 49 by mid-and late century, respectively. Interestingly, this decrease in annually suitable days occurs while the months of December and January see a net increase in suitable days of 4.3 and 5.4 by mid-and late century ( Fig. 10 ; Table 2 ). Heating and cooling requirements in the study region were calculated in DD. During the twenty-first century heating requirements are projected to decrease by 19% and 27% annually by mid-and late century, respectively, while cooling requirements are expected to increase by 13% and 40% over the same period ( Fig. 11 ; Table 2 ).
April-October was analyzed for statistical differences in rPPET between the base period, midcentury, and late century. By midcentury, four of the seven months show significant decreases in the rPPET relative to the base period, and by late century this increases to five of seven (Fig. 12) . To decrease rPPET, either precipitation must decrease or temperature must increase. For the late century, only fall precipitation is not projected to increase significantly. The range of possible precipitation change is falls between 20.5% and 111.7% by late century. Spring, summer, and autumn temperatures are projected to increase by approximately 48C. This indicates that any projected decrease in rPPET is likely being driven by temperature increases (Table 2) .
Discussion
The Lake Champlain basin is likely to experience significant climate change during the twenty-first cen- in the historic station data. Precipitation is expected to increase 9.9% (1108 mm yr
21
) by late century, less than one-quarter of the rate found in the historic station data. Because of large multidecadal variability, even the longterm observed precipitation trends may be strongly influenced by unpredictable natural variability. Hayhoe et al. (2007) predicts an increase in temperature of between 2.98 and 5.38C, and an increase in precipitation of between 7% and 14% for late in the century. NECIA (2006) predicts similar increases by 2100 with projections between approximately 28 and 78C for temperature and approximately 10% for precipitation. The changes in temperature and precipitation are expected to result in an increase in the growing-season aridity (as measured by rPPET). By late century, July's rPPET is projected to decrease below 1.0, meaning potential evapotranspiration exceeds precipitation. This is in agreement with Hayhoe et al. (2007) and NECIA (2006) , who both expect an increase in short-duration droughts. A change in rPPET could have ecological and agricultural impacts such as increased water stress on forests, greater susceptibility of trees to insects, decreased crop productivity, and the need for irrigation of agricultural areas (Maracchi et al. 2005; Lindner et al. 2010) .
By late in the century both annual snowfall and the number of days below 08C are expected to decrease by 50% and 45 days, respectively. This projection of decreased snowpack is lower in magnitude than is seen in the findings of Hayhoe et al. (2007) ; however, this may be explained by this paper's use of only high-elevation grid cells in a more northern climate. The ski industry is likely to be impacted by the decrease in snowfall and the decline in number of freezing days, particularly because temperature increases are most pronounced in the winter months. With less natural snow, the need for snowmaking is expected to increase while the conditions conducive to snowmaking are projected to diminish. However, finerresolution analyses of climate change would be necessary to better project changes in snowfall, particularly in higher-elevation locations that are not well resolved by current climate models. The maple syrup industry is also temperature sensitive, depending on cycles of freezing nights below 1.18C followed by above-freezing days greater than 2.28C for sap to flow in trees (Skinner et al. 2010) .
One potential benefit of regional warming is a longer growing season. Projections indicate that the growing season is expected to lengthen (143 days) by late century. This increase in growing-season length agrees with Hayhoe et al. (2007) , who found an increase of between 29 and 43 days by late century. With a longer, warmer growing season a larger variety and volume of food may be able to be produced. However, some of the benefit of a longer growing season could be offset by increasing aridity and agriculture pest pressure as temperatures warm. A longer ''warm'' season and shortened ''cold'' season is also expected to shift the seasonal energy requirements of the region with less heating yet more cooling required. Late-century projections predict the number of days above 32.28C to be between 35 and 40 days while the annual heat index is expected to increase to between approximately 700 and 800 DD. Projected heat index values in July for late in the century will make the average day feel approximately 78C (138F) warmer. Projections of both days above 32.28C and the heat index largely agree with the findings of the Northeast Climate Change Assessment (NECIA 2006) . For industries such as the dairy industry for which animal comfort can be related to production, an increase in the severity of daily heat indices could negatively impact profits (Rosenzweig et al. 2011) .
Extreme temperature and precipitation threshold events are likely to increase. By late century, the 95th percentile of daily maximum temperature is projected to increase by 4.08C while the 5th percentile is projected to increase by 5.38C. These increases in temperature quantiles could increase the occurrence of dangerous heat waves. By late in the century, the 99th percentile of daily precipitation is projected to increase by 3.4 cm, which is equivalent to an additional 34 000 m 3 of liquid precipitation per square kilometer. This increased flow could overwhelm current infrastructure including bridges and culverts as well as increase nutrient loading to Lake Champlain through overland flow and stream bank erosion.
Increasing greenhouse gas concentrations in the atmosphere are expected to impact climate across the Lake Champlain basin with significant hydrologic and ecological consequences. For example, increases in temperature could open the region to biological invasion (Ammunét et al. 2012; Bellard et al. 2013) , while shifting the ranges of northern species of trees (McNulty and Aber 2001) . Predicting the impacts of climate change is essential for adaptation throughout the Lake Champlain basin. Results from analyses will inform hydrological, ecological, and lake models with the Vermont Experimental Program to Stimulate Competitive Research (VT EPSCoR), as well as provide the basis for adaptation planning in the region. It is noted that this study has focused on quantiles and means of precipitation but aspects of climate change must also be carefully considered including tropical and posttropical cyclones such as Hurricane Irene, and the potential for changes in midlatitude climate due to factors such as reductions in Arctic sea ice (Liu et al. 2012 (Liu et al. , 2013 , which are both poorly simulated by GCMs. Future work includes finer-scale downscaling in this topographically diverse region; for example, using statistical lapse rate relationships and regional climate model simulations to explore the future climate of the high-elevation portions of the Lake Champlain basin domain and by better resolving processes influencing regional climate in the focal region.
